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Abstract

This paper describes the on-going development of a comprehensive integrated guidance and control
architecture featuring an on-line aerodynamic identification scheme that produces a global estimate of a
damaged vehicle’s aerodynamic characteristics. This estimate is used to derive updated constraints reflecting
the vehicle’s degraded maneuverability that are incorporated into computationally efficient algorithms for
on-line trajectory reshaping/retargeting. This paper presents recent progress on a Multiple-Model Adaptive
Estimation approach to the global aerodynamic estimation process. The scheme utilizes diagnostic
information assumed to be provided by a vehicle health monitor to generate a bank of aerodynamic models in
which each model is created by an aerodynamic prediction code for a vehicle configuration reflecting a
particular type of damage. The individual models are blended through weights that are adapted on-line
using measured data.
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I. Introduction

EXT-generation hypersonic vehicles will require advanced flight mechanics technology that delivers enhanced

adaptability, reconfigurability, and autonomy in order to cope with a wide variety of contingencies.
Coordinated adaptation and reconfiguration of the outer-loop guidance laws, inner-loop control laws, and control
allocation module has proven to be effective in responding to off-nominal flight conditions and certain failure
modes®. This alone, however, is incapable of maintaining stability and maneuverability in the face of damage or
malfunction so severe as to render the nominal trajectory intrinsically unflyable. This has spurred research activity
on the development of guidance algorithms suitable for on-line implementation and therefore able to handle
situations in which the nominal trajectory must be reshaped or retargeted on-the-fly>®113-1¢,

An important issue arises in that the vehicle’s aerodynamic characteristics impact the trajectory design problem in
the form of control authority constraints which capture the ability to trim the vehicle with the available effector
suite. These constraints depend in a complicated way on the effector limits as well as flight condition and therefore
vary over the entire trajectory. As such, the characterization of these constraints requires a substantial portion of the
aerodynamic database. This poses a significant challenge for trajectory reshaping/retargeting in that a new global
aerodynamic database is needed for the damaged vehicle in order to derive updated control authority constraints for
the remainder of the trajectory. Since it is not possible to anticipate all possible damage scenarios, the goal is to
process available vehicle health information and on-line measurements reflecting only the current flight condition in
order to produce a global aerodynamic estimate.

This paper presents recent progress in the development of an integrated guidance and control architecture. Here we
focus on an on-line aerodynamic identification scheme that produces a global estimate of a damaged vehicle’s
aerodynamic characteristics. This estimate is used to derive updated constraints reflecting the vehicle’s degraded
maneuverability that are incorporated into computationally efficient algorithms for on-line trajectory
reshaping/retargeting.. The work described herein, sponsored under an Air Force Small Business Innovation
Research (SBIR) Phase Il contract, is in progress at the time of this submission. Results presented are of a
preliminary nature and will be replaced by more mature counterparts if the paper is accepted.

The remainder of the paper is organized as follows. A high-level overview of the integrated guidance and control
(IG&C) architecture is presented in the next section. Section Il describes the on-line aerodynamic identification
scheme in greater detail. Section IV presents a demonstration of the on-line identification scheme and illustrates its
utility in the on-line trajectory generation process. Finally, Section V offers some concluding remarks.

Il. Technical Overview

Figure 1 contains a block diagram of the on-line trajectory generation architecture. The Trajectory Generator is the
portion of the architecture that will compute feasible trajectories given appropriate knowledge of constraints
representing vehicle performance and characteristics. This system employs a novel formulation of the trajectory
design problem that unifies path, endpoint, motion, and control authority constraints into a single framework.

The On-Line Identification component represents a unique way of generating an adaptive estimate of the vehicle’s
global aerodynamic characteristics after unforeseen damage and/or malfunction have occurred. The approach uses
information from a Vehicle Health Monitor (VHM) to establish criteria for generating a set of initial global
estimates of aerodynamic information derived from an aerodynamic prediction code such as Missile Datcom. On-
line measurements of the forces and moments exerted on the vehicle in conjunction with the corresponding motion
variables and effector settings are then used to adaptively tune the global database. In addition to an updated global
aerodynamic model, local correction information is also generated to improve vehicle control.

The Constraint Estimator uses the output of the On-Line Identification module to control allocation scheme, which
is cast as an internal subsystem. The output of the Constraint Estimator essentially represents an estimate of the
aerodynamic constraints that are needed for generation of a feasible trajectory by the Trajectory Generator.

The Trajectory Generator and On-Line Identification/Constraint Estimator represent the core technologies currently
under development. In addition to those components, the authors will continue the development of enhanced
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guidance and control laws that will be used within an X-37 simulation environment to evaluate the trajectory design
methodology. Improvements to these designs are underway that take advantage of recent developments in the
control of nonlinear Euler-Lagrange systems and in nonlinear control allocation.

. ) Vehicle Dynamics
Trajectory Trajectory Guidance &

Constraints Generator Control Loops

Vehicle
Health
Monitor

Constraint
Estimator

On-Line
Identification

Figure 1: On-Line Trajectory Generation Architecture

I11.  On-Line Aerodynamic Identification

Embedded in the trajectory design process are constraining relationships cast in terms of the vehicle’s aerodynamic
characteristics (e.g., lift, drag, etc.) over the entire flight envelope. The on-line trajectory generation design scheme
therefore requires reasonably accurate global aerodynamic information. For nominal trajectory designs, this
information is known from the data obtained during the vehicle design and development process. However, a priori
aerodynamic information for a damaged vehicle typically does not exist. For this reason, the ability of the IG&C
system to generate a valid trajectory on-line will depend upon its ability to produce reasonably accurate on-line
estimates of the vehicle’s aerodynamic characteristics after damage and/or failure have occurred. The updated
aerodynamic characteristics would then be used to establish new constraints for the trajectory design problem. It
should be noted that the constraint estimates addressed here are those that deal with the ability to trim the vehicle.
Reformulating constraints on structural loading, heat rate, and other traditional path constraints based on vehicle
damage information is considered beyond the scope of this work. In words, the implications are as follows:

1. Trajectory design requires knowledge of control authority constraints on the vehicle over its entire flight
regime.

2. Estimating trimmability constraints is equivalent to a trimmability analysis, which is based upon the control
allocation problem.

3. Control allocation utilizes an accurate aerodynamic database.

The feedforward/feedback aerodynamic identification architecture is depicted in Figure 2. This system utilizes
vehicle damage/malfunction information reported by a Vehicle Health Monitor, global estimates produced by an
aerodynamic prediction code such as Missile Datcom, and on-line measurements of the forces and moments exerted
on the vehicle and the corresponding motion variables and effector settings to generate an adaptive estimate of the
vehicle’s global aerodynamic characteristics. This information is combined with a local correction to arrive at an
overall aerodynamic model that is used for trajectory design and control.
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Figure 2: Aerodynamic ldentification Architecture
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The Global Estimate component will employ a Multiple-Model Adaptive Estimation (MMAE) methodology to
exploit the availability of an aerodynamic prediction code in order to overcome the diagnostic limitations of the
Vehicle Health Monitor. Specifically, while the Vehicle Health Monitor may be capable of localizing the damage or
malfunction (e.g., damage to the left wing) and crudely estimating the extent of the damage (e.g. 25% of the
outboard portion of the left wing is missing), it is unlikely that this information alone will suffice for the calculation
of an accurate global aerodynamic database necessary for trajectory reshaping/retargeting.

The output of the Global Estimate component will be fed forward to create a residual used by the Local Correction
component. The Local Correction component will employ Locally Weighted Learning (LWL) “**® to make local
corrections to the aerodynamic estimate while not interfering with the Global Estimate component. The improved
accuracy afforded by these local corrections will likely yield improved performance by the reconfigurable flight
control system as well as benefit trajectory reshaping/retargeting.

In this paper we focus on the Global Estimate block, shown in greater detail in Figure 3, displays the Multiple-
Model Adaptive Estimation (MMAE) approach’. The underlying idea is as follows. The failure diagnosis provided
by the Vehicle Health Monitor is used to populate a set of hypothetical configurations for the damaged vehicle. For
example, if the Vehicle Health Monitor estimates that 25% of the outboard portion of the left wing is missing, then
hypothetical configurations would involve left wing damage quantified by percentages of missing wing distributed
about the 25% estimate provided by the Vehicle Health Monitor.

Each of the models represents an aerodynamic database computed by an aerodynamic prediction code such as
Missile Datcom, which is used in the current effort. Each database consists of a set of look-up tables along with the
associated interpolation schemes which mathematically can be represented by a function of the general form

y = f(x4)
in which the independent variable x corresponds to motion variables including angle-of-attack, Mach number,

sideslip angle, altitude, and body rates along with effector settings. The parameter vector A quantifies the vehicle
configuration reflecting the particular damage mode, and the dependent variable y represents the body axis forces

4
American Institute of Aeronautics and Astronautics



and moments. Given a set of damage configurations represented by parameter vectors 4, 4,,...,4, chosen based
on the Vehicle Health Monitor estimate represented by the parameter vector 4,, the MMAE estimate is given by

g = f(x) = _zNjej f(x,4,)

in which the scalar model weights 6,,6,,...,6, are chosen to minimize the least-squares deviation between a set of

measurements of the dependent variable and the associated output of the MMAE estimator. As more on-line
measurements become available over time, the weights can be adapted via standard recursive least-squared
techniques’.

Weight 0

Model 0

Input Output

v

Weight 1

Model 1
Output

\4

Estimated
Output

Weight N

\4

Figure 3: Multiple Model Adaptive Estimation
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IV. Demonstration

In this section we demonstrate the performance of the MMAE estimation scheme and illustrate its utility in the
trajectory reshaping process. We consider a simulation scenario involving an X-37 entry trajectory with end-point
constraints given in Table 1. In addition, we impose path constraints on the trajectory summarized in Table 2.

PARAMETER INITIAL VALUE FINAL VALUE
Altitude (ft) 200,000 10,000
Speed (ft/s) 18,900 360
Ground Track x-coordinate (ft) 0 8,400,000
Ground Track y-coordinate (ft) 0 700,000
Heading Angle (degrees) 0 -10

Table 1: X-37 Entry Trajectory End-Point Constraints

Heat Rate (btu / ft s) 70
Dynamic Pressure (Ibs/ft) 300
Normal Force (gees) 2.5

Table 2: X-37 Entry Trajectory Path Constraints

In our simulation scenario, the vehicle initially flies a nominal entry trajectory designed on the basis of a nominal
aerodynamic database produced by Missile Datcom. One hundred seconds into the 20 minute trajectory, the vehicle
experiences damage to the left ruddervator modeled as 50% of the surface missing. Based on VHM information
indicating that 49% of the left ruddervator is missing, the MMAE architecture is assembled with six aerodynamic
models generated by Missile Datcom representing 45%, 47%, 49%, 51%, 53%, and 55% of the left ruddervator
missing. Each such model produces three body axis forces and three body axis moments as a function of angle-of-
attack, Mach number, sideslip angle, altitude, body axis angular rates, and control surface deflections. Trajectory
data is collected at a 100 Hz rate for 20 seconds over which time the model weights are adapted via recursive least
squares. It should be noted that the trajectory tracking laws are still under development; hence the trajectory data
used in the on-line adaptation process was taken directly from the nominal reference trajectory. For the final version
of the paper, the vehicle response with the trajectory tracking loops closed will be used for on-line adaptation. The
time history of the model weights over the 20 second adaptation window is shown in Figure 4. With noise-free
measurements, recursive least-squares adaptation yields monotonic convergence. It has been noted that noisy data
do impact weight convergence, which is a topic of ongoing investigation.

Model Weights

5 . . . L . . . . . )
110 111 112 113 114 115 116 117 118 119 120
Time (sec)

Figure 4: Multiple Model Weight Adaptation
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The MMAE estimator consists of the six aerodynamic models with outputs blended according to Figure 3 using the
values of the weights obtained at the end of the 20 second adaptation window. Figure 5 through Figure 10 illustrate
the accuracy of the MMAE estimator as compared to the Missile Datcom-derived truth model corresponding to 50%
of the left ruddervator missing. Corresponding to each of the three body axis forces and the three body axis
moments, these figures include a surface plot of the force or moment of the MMAE estimate superimposed on a
surface plot of the truth model versus angle-of-attack and Mach number for zero sideslip angle, zero body axis
angular rates, zero effector deflections, and an altitude of 100,000 ft. These plots indicate good agreement between
the MMAE estimate and the truth model in terms of both absolute error and relative percentage error. Note that the
relative error plot for pitching moment is adversely affected by the fact that the true pitching moment is zero or very
small over particular portions of the angle-of-attack/Mach number domain.
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Figure 5: X-Axis Force (a) truth model and MMAE estimate and (b) relative error
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Once the MMAE weight adaptation process is complete, the on-line trajectory generator uses the MMAE estimate as
an aerodynamic model of the damaged vehicle in order to re-evaluate the possibly diminished vehicle
maneuverability and reshape the remainder of the trajectory accordingly. Specifically, the control authority analysis
consisting of identifying angle-of-attack/Mach number conditions at which rotational trim cannot be achieved
(assuming zero body-rates) is repeated yielding the trim deficiency map shown below in Figure 11. For comparison
purposes, the trim deficiency map derived from the MMAE estimate is shown beside the trim deficiency map
derived from the truth model of the damaged vehicle. The results are nearly identical, indicating that the damaged
vehicle cannot be rotationally trimmed at high Mach number, high angle-of-attack conditions, suggesting that a
reshaped trajectory may be required that respects this new constraint that was not present for the nominal vehicle.
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Figure 11: Trim deficiency maps derived from () the truth model and (b) the MMAE estimate

To continue with the trajectory reshaping process, the effector settings derived from the control authority analysis
are subsequently used together with the MMAE aerodynamic estimate to compute trim lift and drag maps yielding
lift and drag force profiles versus angle-of-attack and Mach number that incorporate the impact of effectors set at
their required deflections for minimizing trim deficiency. The trim lift and drag profiles are shown below in Figure
12 and Figure 13, respectively, for both the truth model (true failure case) and the vehicle as characterized by the
MMAE estimate. With trim lift and drag maps in hand, the on-line trajectory generation algorithm, also developed
under this effort, is invoked, now initialized using the vehicle state at 120 seconds. The effect that the vehicle
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damage has on the control authority constraints and trim lift and drag characteristics manifests itself in the reshaped
trajectories as reflected in the speed vs. altitude and ground track plots shown below in Figure 14 and Figure 15,
respectively.
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Figure 12: Trim lift map for (a) the truth model and (b) the MMAE estimate
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V. Conclusions

This paper has presented an on-line aerodynamic identification scheme that produces a global estimate of a damaged
vehicle’s aerodynamic characteristics. In order to derive a global estimate from on-line measurements necessarily
limited to range a vicinity of the flight condition at the onset of vehicle damage, a Multiple-Model Adaptive
Estimation approach has been adopted to exploit the ability to generate global aerodynamic estimates using
aerodynamic prediction codes such as Missile Datcom. The underlying idea is to use cursory diagnostic information
provided by a Vehicle Health Monitor to populate a bank of aerodynamic models and then use the measurements
available on-line to adapt the weights that are used to blend the individual model outputs into a single aerodynamic
estimate. The MMAE technique plays a crucial role in the integrated guidance and control architecture that is
currently under development. It provides an avenue to quickly reformulate the control authority constraints that
reflect the reduced maneuverability of the damaged vehicle, which are then used in the on-line trajectory
reshaping/retargeting process.

As noted in the Introduction, the results presented here are of a preliminary nature Results demonstrating the
integrated performance of the on-line identification scheme, on-line trajectory generation capability, and
adaptive/reconfigurable guidance and control laws will be available for inclusion in the final manuscript and
presentation at the conference should the paper be accepted.
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